Background: Excitable cells show activitydependent alternative splicing of ion channels.
SUMMARY
Molecular mechanisms of gene regulation underlying the activity-dependent long term changes of cellular electrical properties, such as those during memory, are largely unknown. We have shown that alternative splicing can be dynamically regulated in response to membrane depolarization and CaM Kinase IV activation, through special CaM kinase responsive RNA elements. However, proteins that mediate this regulation and how they are affected by CaMKIV are not known. Here we show that the regulation of the STREX exon of the Slo1 potassium channel transcripts by membrane depolarization requires a highly conserved CaMKIV target serine (Ser513) of the heterogeneous ribonucleoprotein (hnRNP) L. Ser513 phosphorylation within the RNA recognition motif 4 enhanced hnRNP L interaction with the CaMKIV-responsive RNA element 1 of STREX and inhibited binding of the large subunit of the U2 auxiliary factor U2AF65. Both of these activities were abolished by a S513A mutation. Thus, through Ser513, membrane depolarization/calcium signaling controls a critical spliceosomal assembly step to regulate the variant subunit composition of potassium channels.
Activity-dependent long term changes of cellular electrical properties are important for development and physiological functions such as neuronal memory, muscle contraction or hormone secretion(1-3); however, many molecular mechanisms for the regulation of ion channel expression and function in this process 2 remain unknown. Alternative pre-mRNA splicing of ion channels contributes greatly to their functional diversity (4, 5) . The regulation of their alternative splicing by membrane depolarization provides a unique mechanism for the fine-tuning of the activity dependent changes of electrical properties (4) .
Transcripts from the Slo1 gene (Kcnma1) undergoes extensive alternative splicing, capable of producing hundreds of variant subunits and billions of BK channel tetramers (4, 6, 7) . These channels, sensitive to both voltage and calcium (8) , couple electrical properties with calcium signaling. Loss of the channels causes defects in brain, smooth muscle and endocrine functions such as neurotransmitter release, ethanol sensitivity, blood pressure and stress response (6, 9) .
One of the most intensively studied Slo1 exons is the stress-axis regulated exon (STREX) (10) . It encodes a 58 amino acid peptide that confers many unique properties to the channel including higher sensitivity to Ca ++ and voltage (4, (10) (11) (12) . Its regulation by membrane depolarization is thus expected to control the channel properties and the firing of following waves of action potentials (13) , likely contributing to the fine-tuning of the long term electrophysiological changes such as memory in neurons (4, 14) .
Inclusion of the STREX exon is repressed by depolarization in GH 3 pituitary cells and cerebellar neurons through L-type calcium channels and the Ca ++ /calmodulindependent protein kinase IV(CaMKIV)-responsive RNA element 1 (CaRRE1) (13, 15, 16) . A CaRRE1-binding repressor has been identified as the heterogeneous ribonucleoprotein hnRNP L that interacts with CaRRE1 in a phosphorylation-dependent way(17). However, the proteins mediating the depolarization repression of STREX and their regulation by CaMKIV remain unknown.
In this report, we identified a conserved serine of hnRNP L as a critical CaMKIV target and determined that it has an essential role in the control of STREX inclusion by membrane depolarization.
EXPERIMENTAL PROCEDURES
Plasmid construction: Plasmids for CaMKIVdCT (IV) and CaMKIV-dCTK75E (IVm) produce constitutively active and inactive CaMKIV enzymes, respectively, as described (13) . HnRNP L-FLAG expression plasmid was kindly provided by Dr. Stefan Stamm's lab as in our previous study(17). HnRNP L and LL mutants were made by PCR using Pfu DNA polymerase, cloned into respective vectors and confirmed by sequencing. To express tagged hnRNP L and LL in GH 3 cells, hnRNP L-FLAG, MychnRNP LL and their mutants were subcloned into the lentiviral vector cppt2E (18) . The lentiviral plasmid pFG12-shL (shL), as reported(17), targets the 3' untranslated region of hnRNP L; the pLKO.1-shLL against hnRNP LL (shLL, Clone ID: TRCN0000075101; sequence:ccggCGACAGGCTCTAGTGGAAT TTctcgagAAATTCCACTAGAGCCTGTCGttt ttg, with the nucleotides targeting LL in uppercases) (19) , was purchased from the OPEN Biosystem's human shRNA library in the Manitoba Proteomic Centre. The 175ST-1 plasmid was made by cloning a PCR fragment from the DUP175ST (13) , between the AatII and BglII sites of a pGEM-T based vector. The fragment starts from upstream primer DUP9a (5'-GTTTAGTGAACCGTCAGATC-3') with an AatII site added to the 5' end till the BglII site in the 2 nd intron. For 175ST-1m, the CaRRE1 sequence was mutated to the corresponding fugu fish sequence "Fugu_a" (Fig. 1C) , as reported(17). The plasmids were linearized with BglII before in vitro transcription using T7 RNA polymerase. The 175ST-1S and -1Sm templates were PCR amplified from the plasmids using primers T7DUP6 (5'-TAATACCGACTCACTATAGG GAAGACTCTTGGGTTTCTG-3') and 175exon86R (5 Fig. 1B were used for shorter PCR products. Briefly, 25~150ng of cytoplasmic RNA was reverse transcribed in a 10-μl reaction, of which 0.5 or 1ul was amplified in a 12.5-μl reaction for 25 cycles. The products were resolved in 6% denaturing polyacrylamide gels, dried and exposed to phosphorimager plates. Band intensities were quantified using ImageJ (NIH, U.S.A).
Lenti-viral
vector-mediated RNA interference/complementation assay: This was according to our published procedure(17), with slight modifications. Briefly, overnight cultures of HEK293T cells at ~80% confluence were transfected with 5 μg of pHCMVG, 12.5 μg of pCMVDR8.2DVPR, and 12.5 μg of the lentiviral vectors (FG12-shL, pLKO.1-shLL, cppt2E-hnRNP L-FLAG and its S513A mutant, cppt2E-Myc-hnRNP LL and its S498A mutant) using PolyJet™ DNA In Vitro Transfection Reagent (Signagen○ R ) according to the manufacturer's instruction. After 18h the media were refreshed, and on days 3 and 4 supernatants collected, pooled, filtered (0.22 μm, NALGENE) and further concentrated ~100 times by ultracentrifugation(17), or by precipitation containing ~8.4% PEG8000 (Sigma-Aldrich Co.) and ~0.3M NaCl, and centrifuged at 20,000rpm for 30min (Beckman Avanti® J-E, rotor JA-25.50). Virus pellets were resuspended in culture media and saved at -80 .
For transduction, rat GH 3 pituitary cells at a density of ~2 x 10 5 cells/well in a 24-well plate (FALCON) were transduced using shLor shLL-carrying viruses for 3h, and 24h later using both shRNA and protein-expressing ones and then transferred to a 12-well plate. On day 6, they were depolarized using 50mM KCl for ~6 h before harvest for both protein and RNA analyses. Phosphopeptide mapping: This experiment was based on our published procedure (21, 22) , using anti-FLAG for immunoprecipitating hnRNP L-FLAG/mutants and anti-Myc for Myc-hnRNP LL/mutants. The precipitated proteins were digested by sequencing grade trypsin and chymotrypsin (Sigma-Aldrich Co.) for peptide mapping in electrophoresis followed by thin layer chromatography on 10cm × 10cm cellulose TLC plates (EMD Chemicals Inc.).
For peptidemapping of in vitro phosphorylated peptides by CaMKIV, 20 ng of GST-CaMKIV (BioMol) was incubated with each of the peptides ERSSSGLLEW (Ser513) and ERSS( P -S)GLLEW (p-S: phospho-Ser513) plus purified Myc-CaMKK2(~10ng) (22) The antibody was made against the synthetic phospho-Ser513 peptide ERSS(p-S)GLLEW (Fig. 2B ), similarly as previously described (21) , in the Alpha Diagnostics Inc. (Texas, U.S.A). The non-phosphopeptide ERSSSGLLEW was used as a phosphorylation control in ELISA assays to monitor the immune-reactivities, which was less than a fourth of the phosphopeptide activities when the anti-serum was diluted one hundred thousand times. The specificity to the phospho-Ser513 was further confirmed by Western blot using a S513A mutant as shown in Fig. 3A .
Immunodepletion,
UV-crosslinking and immunoprecipitation: Immunodepletion was performed according to a published procedure in the presence of 0.5M NaCl (23) . The resulting nuclear extract was used directly for UV crosslinking at a final NaCl concentration of 90-180mM. UV crosslinking and immunoprecipitation were based on our described procedure(17), with several modifications. For UVcrosslinking, HeLa (~22 µg) nuclear extract was incubated with 7. were incubated with 2-4 volumes of UV crosslinking reactions with rotation at 4ºC overnight. The beads were then washed 3 times with 1ml of RIPA buffer (containing 150mM NaCl). The resulting proteins were processed as described(17).
Expression and purification of recombinant His-hnRNP L:
One liter overnight culture of pET28a-hnRNP L plasmid-transformed E.coli Rosetta-gami 2 (DE3) pLysS (Novagen) was induced with 0.3 mM IPTG for 3h at 37ºC before harvest by centrifugation. The bacteria were then resuspended and sonicated in 4 ml of cold PBS (phosphate buffered saline) containing 8M urea and 20mM imidazole (pH 8.0) and centrifuged at 10,000 rpm for 25 min at 4 ºC. The supernatant was applied to Ni-NTA agarose beads (Invitrogen), incubated at 4 ºC for 3 h, and then the beads were washed in 30 ml of cold PBS buffer (containing 6 M urea, 50 mM imidazole) followed by sequential wash with decreasing concentrations of urea (6 M, 4 M, 2 M, 1 M, 0 M) in cold PBS. HishnRNP L was eluted with 1 ml of PBS buffer (containing 1M imidazole, 1M KCl, 100 mM EDTA, 100 mM DTT) and dialyzed three times against buffer DG. The concentration of hnRNP L was determined by comparing its band intensities with standard BSA proteins in a SDS-PAGE gel stained with Coomassie Blue, using scanned images in ImageJ software. Treatment of His-hnRNP L with decreasing concentration of urea restored about 21% of the UV-crosslinking activity of the protein as indicated by its ability to interact with RNA and inhibit the binding of U2AF65 to the 3' splice site of STREX (Fig. 4E) .
RESULTS

hnRNP L and L-like proteins are required for depolarization-induced repression of the STREX exon.
Our previous studies indicate that hnRNP L binds the CaRRE1 to repress STREX splicing ( Fig. 1 ), but knockdown of hnRNP L alone did not abolish the depolarization effect(17), suggesting the involvement of other factors such as hnRNP L-like (LL) (19, 24) . We thus carried out RNA interference against hnRNP L as well as LL proteins by expressing short hairpin RNAs against either hnRNP L (shL), LL (shLL) or both (shL + shLL) in GH 3 pituitary cells (Fig. 1D) . Each shRNA specifically knocked down its expected target but not the other proteins examined. Knocking down either hnRNP L or LL protein alone promoted (shL) or inhibited (shLL) the STREX exon inclusion in non-treated cells (NT), suggesting that hnRNP L and LL may have differential effect on STREX inclusion in undepolarized conditions. But neither knockdown abolished the repression effect by depolarization (Fig. 1E) . In contrast, knocking down both hnRNP L and LL nearly abolished the depolarization effect (shL+shLL, p = 0.2). Thus, hnRNP L and LL are required for the repression of STREX by depolarization but either one by itself is sufficient to mediate this effect in GH 3 cells. Since our previous work has demonstrated a critical role for the CaMKIV phosphorylation of hnRNP L in its interaction with the CaRRE1 element(17), hereafter we will focus on hnRNP L as an example to delineate the pathway from CaMKIV to the spliceosome. The highly conserved Ser513 of hnRNP L is a phosphorylation target of CaMKIV. To determine how hnRNP L is regulated, we examined its changes upon depolarization.
Western blot analysis did not detect changes in its protein level in KCl-treated GH 3 cells (data not shown). We previously found that hnRNP L was phosphorylated when coexpressed with a constitutively active CaMKIV(17). The phosphorylation resulted in increased binding to CaRRE1 and is phosphatase-sensitive(17). We thus mutated hnRNP L at several conserved amino acid residues within CaMKIV consensus sequences (Arg-X-XSer/Thr) (25, 26) , including Ser326 and Ser513 ( Fig. 2A-B) . The effect of the mutations on phosphorylation by CaMKIV in HEK293T cells was analyzed by phosphopeptide mapping. Mutation of Ser326 did not result in different patterns of phosphopeptides from that of the wild type hnRNP L (Fig. 2C) . However, mutation of Ser513, whose consensus peptide is highly conserved among chordates and arthropods (Fig. 2B) , completely abolished the major phosphopeptides (Fig. 2C) . Therefore, Ser513 is likely a target of CaMKIV.
To verify that Ser513 is a direct target of CaMKIV, we carried out in vitro phosphorylation followed by phosphopeptide mapping with synthetic peptides containing PSer513 (ERSS(p-S)GLLEW, p-S: phosphorylated Ser513) and unphosphorylated Ser513 (ERSSSGLLEW). The CaM kinases in the reaction were phosphorylated in the absence of peptide substrates as expected (Fig.  2D, left) . Addition of the peptide P-Ser513 as a substrate resulted in a similar pattern (middle). In contrast, addition of the unphosphorylated Ser513 peptide resulted in a strong 32 P-labelled spot not seen in the background (right, compared to the left panel). Therefore, Ser513 is a direct target of CaMKIV. Ser513 is essential for depolarizationregulated splicing of endogenous STREX in GH 3 cells. To verify the phosphorylation of endogenous Ser513 and its regulation in cells, we made phospho-Ser513-specific antibody and validated its specificity by Western blots (Fig. 3A) . The antibody detected a strong signal from the hnRNP L-FLAG protein coexpressed with CaMKIV, in contrast to that with CaMKIVm. Importantly, the signal was abolished by the S513A mutation. Therefore, the antibody is specific for the phospho-Ser513 epitope.
We next examined whether the phosphoSer513 was induced by depolarization with the phospho-Ser513-specific antibody. The phospho-signal was strongly detected at 1 and 3 hours after depolarization by KCl treatment of GH 3 cells (Fig. 3B) , in comparison to the loaded hnRNP L protein level in the same blots. Therefore, increased Ser513 phosphorylation can be induced by membrane depolarization.
To determine whether increases in Ser513 phosphorylation play a role in splicing, we used lentiviral systems to express either hnRNP L-FLAG or its S513A mutant together with shL (to deplete endogenous L proteins) in GH 3 cells (Fig. 3C, left) . Without treatment (NT), the STREX levels in cells expressing hnRNP L-FLAG or its mutant are similar (Fig.  3C, right) . Upon depolarization by KCl, the STREX level in cells expressing the wild type hnRNP L-FLAG was significantly reduced (n = 7 pairs, p < 0.001). However, this reduction was abolished in cells expressing the S513A mutant (n = 6 pairs, p = 0.98). Therefore, Ser513 is essential for depolarization to repress the endogenous STREX exon in GH 3 cells.
Ser513 phosphorylation enhances hnRNP L binding to CaRRE1 and interferes with the binding of U2AF65.
To understand the role of Ser513 phosphorylation in splicing repression, we examined the effect of phosphorylation on the interaction of hnRNP L with the CaRRE1 RNA, based on the location of Ser513 within the RNA recognition motif 4 (RRM4, Fig. 2A ). For this experiment, we purified unphosphorylated, phosphorylated or S513A mutant hnRNP L-FLAG from HEK293T cells by immunoprecipitation, verified them by Western blot (Fig. 3A) , and examined their crosslinking efficiency with the CaRRE1 RNA probe in solution (Fig. 4A-B) . The unphosphorylated hnRNP L cross-linked to the probe, as expected. However, the phosphohnRNP L crosslinked much more strongly. In contrast, the mutation S513A abolished this stronger effect and resulted in even less binding than the unphosphorylated wild type. Taken together, the S513 phosphorylation within the RRM4 of hnRNP L by CaMKIV is essential for enhanced interaction with the CaRRE1 element within the upstream 3′ splice site of STREX.
Since the CaRRE1 element is "inserted" between the polypyrimidine tract and 3' AG ( Fig. 1C) (15, 17) : binding sites for the constitutive heterodimeric splicing factors U2AF65 and U2AF35 (27) , respectively, it is reasonable to speculate that regulated hnRNP L binding to CaRRE1 inhibits interaction of U2AF65 with the upstream polypyrimidine tract of STREX. To test this hypothesis, we first mutated the CaRRE1 to the corresponding non-CA containing Fugu_a sequence (CaRRE1m, see also Fig. 1C ) and examined U2AF65 interaction with longer CaRRE1-containing RNA probes 175ST-1S and its mutant 175ST-1Sm (Fig. 4C) . Compared to the wild type, the mutant probe crosslinked more strongly to U2AF65 in HeLa nuclear extracts. This difference thus suggests that the presence of CaRRE1, and likely hnRNP L as well, is inhibitory to U2AF65 binding to the upstream polypyrimidine tract (Py).
To determine the effect of hnRNP L in the control of U2AF65 binding, we carried out immunodepletion/add-back experiments using HeLa nuclear extracts either mock-depleted, hnRNP L-depleted, or depleted/His-hnRNP L complemented (Fig. 4D) . Upon UV crosslinking of these extracts with an RNA probe 175ST-1 similar to 175ST-1S, endogenous hnRNP L and add-back HishnRNP L efficiently bound to the RNA, with almost complete loss of interaction in the depleted extract (Fig. 4E, Left panel) . In contrast, U2AF65 binding was enhanced upon depletion of endogenous hnRNP L (Fig 4E,  Right panel) . The enhancement was inhibited by His-hnRNP L addition. Therefore, hnRNP L inhibits U2AF65 binding to the upstream 3′ splice site.
To determine whether Ser513 phosphorylation played a role in U2AF65 binding to the 3′ splice site, we used the hnRNP L-FLAG proteins to carry out similar UV crosslinking with purified U2AF65 from HeLa nuclear extracts. The phosphorylated hnRNP L-FLAG strongly reduced U2AF65 binding compared to the unphosphorylated one (Fig. 4F ). More importantly, the S513A mutation abolished this effect. Therefore, Ser513 phosphorylation of hnRNP L enhances its ability to inhibit U2AF65 binding to the 3' splice site.
Taken together, the UV crosslinking experiments (Fig. 4) indicate that Ser513 phosphorylation enhances hnRNP L binding to the CaRRE1 element and interferes with U2AF65 binding to the upstream polypyrimidine tract.
DISCUSSION
In summary, these data demonstrate that a highly conserved CaM kinase target Ser513 of hnRNP L is essential for membrane depolarization to regulate the alternative splicing of BK potassium channels. The Ser513 phosphorylation controls the interaction of a critical component at the early steps of spliceosome assembly with the pre-mRNA (Fig.  5 ). This not only provides a direct functional link between a calcium signaling kinase and a splicing regulator but also a defined pathway from membrane depolarization to the constitutive splicing machinery when considered with previous studies (4, 13, 15, 17) . This regulation forms a unique molecular basis for how depolarization could modulate the splice variant compositions and functions of potassium channels.
Through this modulation, depolarization of excitable cells is expected to induce a different combination of variant subunits to form tetramer channels that can alter the repolarization/afterhyperpolarization and thus firing properties of following waves of action potentials (Fig.  5) . As proposed previously(4,13), this regulation likely contributes to the fine-tuning of the long term changes such as electrophysiological memory in neurons (14) .
With this critical site identified, how the Ser513 phosphorylation within an RNA recognition motif enhances RNA binding by hnRNP L would be an interesting question for future investigations. Interestingly, Skrisovska et al. demonstrated that RNA recognition motifs of hnRNP L interact with each other (28) . Thus, one possibility would be that RRM4 acts as a regulatory domain which upon Ser513 phosphorylation promotes the binding by guest on April 29, 2016 http://www.jbc.org/ Downloaded from of the RRMs to their cognate sequence elements.
The highly conserved nature of the target Ser513 site (Fig. 2B) , the extensive alternative splicing of BK and other ion channels (4) , and the many other roles of hnRNP L in RNA metabolism (29) (30) (31) (32) (33) (34) (35) (36) (37) , together make it worthwhile to explore a wider role of phosphoSer513 in excitable cells.
HnRNP L, as a global alternative splicing regulator(35), appears to act in different ways to control alternative splicing. Besides its role as a splicing enhancer when it binds close to the 5' splice site (35) , it also acts as a splicing repressor. For the repression of the variable exons 4, 5, and 6 of the CD45 transcripts, hnRNP L binds to the exonic splicing silencer element to repress splicing after the recruitment of U2AF65 (36) . For the exon 20 of the TJP1 transcripts, hnRNP L acts through a CA-rich element within the polypyrimidine tract of the 3' splice site to compete with U2AF65 (37) . For STREX, hnRNP L inhibits the binding of U2AF65 (Fig. 4E) ; however, since the CaRRE1 element bound by hnRNP L is mainly downstream of the polypyrimidine tract (Fig.  1C) , the mechanism of this inhibition remains to be investigated.
Besides hnRNP L, its paralogue hnRNP L-like (LL) is also required for the regulation of STREX splicing by depolarization (Fig. 1E) . Moreover, PTB binds to the upstream 3' splice site of STREX to repress its inclusion ( (17) and Liu & Xie, unpublished). Thus, in response to membrane depolarization, the level of STREX inclusion is likely determined by the interplay among at least three regulatory proteins hnRNP L, LL, PTB, and the constitutive splicing factor U2AF65. Further characterization of these other factors and their modifications in the regulation is necessary to uncover the underlying molecular mechanisms. (Fig. 2) . This modification enhances hnRNP L binding to the CaRRE1 element between the Py and AG of the upstream 3' splice site of the STREX exon, interfering with the binding of U2AF65 to the Py and thus recognition of the 3' splice site, leading to STREX skipping and joining of the flanking exons. More importantly, the STREX skipping produces BK channels with altered properties including lower Ca ++ /voltage sensitivity, as well as lower sensitivities other factors such as PKA, and thus different electrical properties that are expected to change the cellular excitability upon following waves of stimulation. 
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